T he bill morphology of a bird is closely correlated with its feeding habits. However in species that occupy several habitats or take different foods at different times of year, it can be difficult to identify to which, if any, of several purposes the bill form is chiefly adapted. Thus Owens (1984) suggested that the decurved bill of the Common Curlew Numenius arquata had arisen by selection favouring either a greater search-arc for detection of prey beneath the surface of mudflats in winter (an idea earlier proposed by Burton 1974) or easier capture of insects amongst long vegetation on the breeding grounds. Owens (1984) suggested that careful observation of foraging behaviour may yield clearer evidence than he could provide for the function of the Common Curlew's decurved bill. We present such evidence here, drawn from our observations during the last 12 years of the Present addresses: *England Headquarters, Nature Conservancy Council, Northminster House, Peterborough PE1 lUA, UK; +Nature Conservancy Council, Archbold House, Archbold Terrace, Newcastle NE2 1EG, UK.
foraging behaviour of several species of shorebirds in north-east Britain (e.g. Pienkowski
1973
; Evans et al. 1979; Davidson 1980; Tow nshend 1981 Tow nshend , 1982 Tow nshend , 1985 Pienkowski et al. 1984; Speakman 1984a) . In particular, we compare the foraging behaviour of the Common Curlew and Bar-tailed Godwit Limosa lapponica, since both of these species probe deeply into sediments to capture polychaete worms, especially ragworms Nereis divers icolor and lugworms Arenicola marina. We then compare the dimensions of the Common Curlew with those of other curlews Numenius spp. and of godwits Limosa spp. and consider briefly the incidence of bill decurvature amongst other groups of birds. We argue that decurvature is an adaptation for probing along complex pathways and to aid extraction of worms without breaking them, and that the very long decurved bill of the Common Curlew is chiefly an adaptation for probing along such pathways deep into mudflats. This differs from Owen's view. We also comment on several points of Owens' arguments which are not supported by the available evidence.
RESULTS AND DISCUSSION

Prey capture techniques of Common Curlews and Bar-tailed Godwits on mudflats
Common Curlews and Bar-tailed Godwits foraging on mudflats can detect prey both by touch and by sight. In tactile foraging, both species walk over the flats frequently inserting the tip of the bill into the sediment, and sometimes then probing deeply-probably only after detection of the prey (Townshend 1982; Cramp & Simmons 1983; pers. obs.) . The exact way in which prey is detected is unknown: it may be by direct contact, by detection of vibrations from the worm, or by detection of an occupied burrow by taste, as contributes to prey location in Dunlins Calidris alpina and Sanderlings C. alba (van Heezik, Gerritsen & Swennen 1983; Cramp & Simmons 1983) . In visual foraging, the deep probe is not preceded by a shallow peck at the same place (pers. obs.).
The major difference between the species lies in their technique of deep probing for prey. Bar-tailed Godwits plunge their straight bills rapidly deep into the sediment, almost invariably vertically downwards. Thereafter, the bill may be vigorously worked up and down, and the bird may pivot round the hole with the bill deep in the mud, perhaps to get a better grip on its prey. This rapid plunge probably helps to catch prey such as lugworms that can retreat beyond the reach of the bill (see Smith & Evans 1973) . In contrast, after detecting a worm a Common Curlew probes deep into the mud more slowly than does a Bar-tailed Godwit. The bill may initially follow a simple path into the mud but more often during repeated probes at a site the bill tip follows a complex route which involves movements both in line with and perpendicular to the axis of the bill. Unlike Bar-tailed Godwits, Common Curlews seldom pivot round the probe site with the bill deeply inserted. The probing of Common Curlews is described further in Burton (1974) and Townshend (1982) .
Advantages of a decurved bill for foraging on mudflats
A decurved bill has several advantages over a straight bill for such foraging on mudflats. Burton (1974) pointed out that decurvature aids vertical insertion of the bill tip towards prey detected whilst walking across the mudflats, and that when the birds are foraging visually the bill tip may have to be moved a shorter distance to the point of insertion into the sediment. When foraging by touch, Common Curlews can probe the surface some distance in advance of their feet (see Fig. 1 (ii)) whereas Bar-tailed Godwits, which likewise insert the bill tip vertically, must do so much closer to their feet. Since some prey become less active, and move deeper, when a shorebird walks across the mud (Goss-Custard 1970) , detection of prey in advance of the feet may be of considerable benefit. The ability of prey to detect the passage of a wader implies that Owens' (1984) suggestion, that the decurvature confers an element of surprise through a sideways attack on a worm in its burrow, is improbable, since the bill tip of the Common Curlew ends up closer to the feet than does the bill tip of a Bar-tailed Godwit. A decurved bill is more readily manipulated than a straight bill along a complex capture path (following a burrow system) within the sediment, since a change in direction can be achieved by a rotation of the head or the neck, rather than requiring a lateral movement of the entire head and neck. This rotation is illustrated in Owens (1984) , albeit when the Common Curlew has probed almost to its fullest extent with the bill totally immersed.
Removal of prey from the substrate
Common Curlews always, and Bar-tailed Godwits usually, must remove a worm from the substrate before swallowing it (Burton 1974 (Burton , 1986 . However, worms are fragile and break easily. Breakages are disadvantageous because it takes longer to grasp and remove several small pieces of worm than a whole one and because pieces of broken worm are sometimes left in the burrow after the bird moves on. This is particularly so for lugworms, which are pulled out 'tail first', since any breakage leaves behind the much thicker head end, which contains 65% of the energy content of the worm (Smith 1975) .
When pulling a worm from the sediment, the risk of breakage may be higher if the worm is not pulled Drawing (a (iv)) illustrates the difficulty of pulling a long worm vertically from its burrow with a straight bill (see text). Points A and B indicates the points at which the risk of fracture is increased if the angle between worm and substrate, or worm and bill, changes during extraction.
angle between worm and bill changes. It is thus best to pull worms vertically from the sediment. Bar-tailed Godwits almost invariably, and Common Curlews usually (except in very soft mud), withdraw the bill from the insertion hole so that the part of the bill at the mud surface is vertical (Fig. 1 ). Fig. 1 shows that a straight-billed bird such as a Bar-tailed Godwit must raise its head relatively higher above the ground to do this than must a bird with a decurved bill, if the worm is a long one. Indeed, a Bar-tailed Godwit probably cannot raise its head high enough to extract worms much more than the same length as its bill (see Fig. 1(iv) ). To pull a long worm vertically from its burrow, a Bar-tailed Godwit must change the bill angle increasingly towards horizontal whilst the pull is made (Fig. 1(iii) ), thus increasing the risk of breakage of the worm where it is grasped by the bird. In contrast, the decurved bill of a Common Curlew allows a vertical grip to be maintained throughout the vertical removal of a worm of the same length.
Both Bar-tailed Godwits and Common Curlews often break worms during capture attempts. For example, Bar-tailed Godwits feeding on the polychaete worm Nerine cirratulus on a sandy beach broke at least 53% of worms longer than 4 cm (i.e. longer than half the bill length) when extracting the worms from the sand (N. C. Davidson, unpublished) . Similarly, Smith (1975) reported that 13% of Worms were considered broken either when two or more worm fragments were removed or when removal of a worm fragment was followed by further probing at the same site.
lugworms captured by Bar-tailed Godwits were tails only. Pienkowski (1973) noted that Common Curlews appeared to break a smaller proportion of ragworms than did Bar-tailed Godwits. He considered that this accounted for the apparently higher proportion of old worms (more than 1 year old) recorded in the Common Curlew's diet than in the Bar-tailed Godwit's: broken large worms were sometimes recorded as young (0-1 year old) worms if their thickness could not be seen. When feeding on ragworms on the same small mudflat within Teesmouth, both species broke many worms (Table 1) .
Other advantages and disadvantages
We have described some advantages of using a decurved bill to capture worms within mudflats. There are, of course, also disadvantages. In particular a decurved bill is structurally weaker than an equivalent straight one (Burton 1974 ) and so cannot be pushed into firm substrates. A Common Curlew's bill is heavily reinforced to withstand the high stresses on it. As a consequence of this reinforcement, the tongue is very short, so that prey grasped with the tip of the bill cannot be moved to the mouth, using the tongue, whilst the bill is within the substrate. Common Curlews must remove their bill from the substrate before the prey can be moved to the mouth by head jerking (Burton 1974 (Burton , 1986 . Godwits have some bill thickening and tongue reduction, but they can move prey up the bill with the tongue to some extent (Burton 1986 ), although our observations suggest that most worms are removed from the substrate before they are swallowed.
A straight bill is more suitable mechanically for rapid thrusting in the substrate, as by Bartailed Godwits (Burton 1974) . On estuarine sediments, this generally restricts Common Curlews to foraging on soft muds, whereas Bar-tailed Godwits can use a variety of sediments from soft muds to firms sands. However, Common Curlews also forage extensively on rocky shores (e.g. Tay & Orkney Ringing Groups 1984) and pasture fields (Davidson 1980; Townshend 1981) . Perhaps they can use the ability to orient a decurved bill along a complex path, in the same way as we have described for probing within mudfiats, to search the complex three-dimensional structure of a rocky shore and amongst the matted grass roots on fields.
Dimensions of curlews and godwits
Common Curlews are much larger than Bartailed Godwits, so being able to catch large prey is important if they are to get enough food to survive in midwinter. Since Common Curlews have absolutely longer bills than Bartailed Godwits they can certainly probe deeper into the mud and so obtain more and larger worms especially in midwinter when worms are deeper in the mud (Muus 1967; Dugan 1981) . The difference in bill length might be a consequence only of Common Curlews being bigger than Bar-tailed Godwits. To examine this, we have compared mean bill length (exposed culmen) with mean wing length (maximum chord) in all Numenius and Limosa
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Curlew bills h`, species, using data from Prater, Marchant & Vuorinen (1977) and Cramp & Simmons (1983) . Wing length is highly correlated with overall body size and mass in many shorebirds (Davidson 1983, and unpublished) . Separate means were used for different races and sexes where possible, since the differences between these are often as large as those between species. The data were log-transformed before analysis because this leads to easy interpretation: if bill length is proportional to body size over the range of species, the slope of the line relating bill length to body size (wing length) will be equal to 1.0 on the log scale large species have disproportionately large bills, the slope will be greater than 1.0. The slope was estimated by calculating the slope of the first principal axis of the relationship (Sokal & Rohlf 1981) . Fig. 2 shows that godwits have longer bills than curlews of the same size. However larger species of Curlews have relatively larger bills than smaller species, since the slope of the line is significantly greater than 1.0. The same is true of godwits although the rate of increase of bill length with body size is only two-thirds (1977) and Cramp & Simmons (1983) . The slopes of the first principal axes are shown for curlews (solid line) and godwits (broken line). 95% confidence limits .for the slopes are: curlews 2.556-3.496, godwits 1.317-4.228. The regression equations are: Y = 7.186x 10 -9(2-9599 for curlews and Y = 1.0308 x 10 -3 X 2. " 93 for godwits, where Y is bill length (mm) and Xis wing length (mm).
that of curlews. In both genera, the larger females tend to have disproportionately larger bills compared with the males. The problems of extracting long worms with a long bill (as outlined above) will be less severe for birds with long legs, since then the bill can be raised higher above the substrate. To examine this we compared mean tarsus length (from Prater et al. 1977; Cramp & Simmons 1983 ) with mean bill length (Fig. 3) . If leg length increases in proportion to bill length, the slope of this relationship will be 1.0. Such an increase in tarsus length occurs in godwits (Fig. 3) : the slope of the relationship does not differ significantly from 1.0. However, in curlews the slope of the relationship is significantly less than 1.0, so the increase in bill length in large species is not accompanied by a proportionate increase in tarsus length. Similar trends are evident between sexes within most species and subspecies.
The tarsus length of some godwits, notably the Black-tailed Godwit L. limosa and Marbled Godwit L. fedoa (but not the Bar-tailed Godwit), is greater than that of similar sized curlews. However, this seems not to be an adaptation for foraging on exposed mudflats but for foraging in deep water (Wishart & Sealy 1980; Cramp & Simmons 1983) . Likewise, the longer legs of female Bar-tailed Godwits allow them to forage in deeper water than males, which feed more often on exposed mudflats. This is important in cold weather, when a much higher proportion of prey are accessible to Bar-tailed Godwits in water than on nearby mud (Smith & Evans 1973) . In contrast, Common Curlews seldom forage in deep water. Foraging visually in water is difficult because of diffraction, except when aiming from vertically above. The straight bills of godwits permit this but the decurved bills of curlews do not. Although long legs can aid the extraction of long prey, they have disadvantages. Strong winds cause increased heat loss and buffeting (which prevents accurate location and capture of prey). This may select against long legs in species, such as Common Curlew, Bar-tailed Godwit and Hudsonian Godwit L. haemastica, that feed chiefly on exposed mudflats and sandflats (Davidson 1981) . Effects of wind on foraging shorebirds were reviewed by Evans (1976) . Buffeting is known to be a particular problem for long-legged species: Redshanks Tringa totanus find less food in strong winds and during gales they leave the mudflats on which they usually feed and seek sheltered feeding sites (Davidson 1982; Speakman 1984b) . Marbled Godwits find less food when feeding in exposed rather than sheltered sites during gales (Wishart & Sealy 1980) . These comparisons of bill length and leg length indicate that the decurved and long bill of the Common Curlew allows the intact removal of large worms from mudflats. The curvature permits bills to be very long without the need for the legs to be as long as would be necessary with a straight bill, so that the effects of buffeting are reduced. The thrusting feeding technique used by Bar-tailed Godwits requires a straight bill but the effects of buffeting may have restricted any evolutionary increase in leg length that would allow the vertical removal of large worms intact.
General functions of decurvature
Strongly decurved bills occur in a number of groups of birds. The common feature appears to be a foraging method involving gentle probing along precise but complex routes. For example, wood-hoopoes (Phoeniculidae), especially the Scimitar-bill Phoeniculus cyanomelas and Abyssinian Scimitar-bill P. minor, probe for insects in fissures and crevices of bark, and also into the narrow openings of ant-galls (Davidson 1976; Davidson & Ligon 1987 (Owens 1984) , this does not explain the variation in length and curvature between different curlew species, since all forage for invertebrates (and berries) on the breeding grounds in a similar way, amongst similar types of vegetation. Furthermore, similar foods are taken by godwits on their breeding grounds (Hale 1980; Cramp & Simmons 1983 ).
Short bill length in curlews seems to be associated with foraging on grasslands during winter. Firstly, small curlews that forage chiefly amongst vegetation, especially the Little Curlew N. minutus and formerly the Eskimo Curlew N. borealis (Cramp & Simmons 1983) , have relatively short bills (Fig. 2) . Secondly, Townshend (1981) showed that it was chiefly male (i.e. short-billed) Common Curlews and not females, that moved from mudflats to forage on pastures as temperatures fell in autumn. Owens (1984) argues, quoting Hale (1980) , that since wintering shorebirds have a superabundance of food at most times except during excessive cold, selection for mOrphological characters is unlikely on the wintering grounds and so may be strongest on the breeding grounds. The case for selection operating on the wintering grounds cannot be so easily dismissed: it is precisely during periods of severe winter weather, when energy demands are high and food scarce (Evans 1976; Davidson 1981) , that any selection-is likely , to by strongest. Such selection would operate even if severe weather occurred only every few years: Common Curlews, like many shorebirds (see, e.g. Davidson 1981; Davidson & Evans 1982; Pienkowski et al. 1984) , can have difficulty in meeting energy requirements in severe weather, and Chapman (1889) and Bolam (1912) noted that Common Curlews often became very emaciated and died in extremely cold weather. Furthermore, Evans & Pienkowski (1984) found that even in mild winters, mortality of Common Curlews and several other shorebirds was at least as high in winter as on migration and breeding grounds combined. It is thus likely that there is strong selection for bill morphology in Common Curlews in winter. Such selection has been found for Oystercatchers Haematopus ostralegus (Pounder, Pounder & Greenwood 1971; .
Bill decurvature in curlews may have evolved initially as an adaptation to grassland foraging, and Burton (1986) considers that the small short-billed species (which still feed chiefly on grasslands) resemble this ancestral stock. However our evidence indicates that the bill decurvature is now used by the Common Curlew for foraging in a variety of habitats by complex three-dimensional probing, and that the increased length of the Common Curlews' bill has evolved for such probing on mudflats.
